Background: Puumala virus (PUUV) is the most important hantavirus species in Central Europe. Nephropathia epidemica (NE), caused by PUUV, is characterized by acute renal injury (AKI) with thrombocytopenia and frequently gastrointestinal symptoms.
Introduction
Hantaviruses are rodent-borne zoonotic viruses of the Bunyaviridae family [1] that can cause Hemorrhagic Fever with Renal Syndrome (HFRS) in Asia and Europe and Hantavirus Cardiopulmonary Syndrome in the Americas with reported case fatality rates up to 35% [2] [3] [4] [5] . Puumala virus (PUUV) is the main hantavirus species in Central Europe and is known to cause a milder form of HFRS, which also is called nephropathia epidemica (NE) [6] [7] [8] [9] [10] [11] . The clinical picture in NE includes acute kidney injury (AKI), thrombocytopenia, proteinuria and hematuria caused by tubular and glomerular involvement [12] . Both renal tubular and glomerular cells are affected by infection that leads to breakdown of cell-to cell contacts [13] . Therefore, the urinary sediment of patients with hantavirus infection contains tubular cells, with enlarged nucleoli, that are positive for hantavirus antigen [14] [15] [16] . At the level of histopathology, hantavirus infection leads to mild tubular interstitial changes and moderate interstitial infiltration with mononuclear cells [13, 17] . Up to now, hantavirus antigen has been found only in the cytoplasm of tubular epithelial cells from kidney biopsies of infected patients [16, [18] [19] [20] [21] . In 1992, Nuutinen et al. [22] were the first who performed endoscopy (gastroscopy or colonoscopy) in 10 patients with acute NE (within 1-4 weeks after beginning of symptoms). In every case, hemorrhagic gastropathy was observed. Histopathological analysis of the intestinal biopsies showed that the hemorrhagic lesions were associated with edema in the lamina propria. No inflammatory changes could be detected within the biopsies [22] .
A high percentage of patients with PUUV infection have severe gastrointestinal (GI) symptoms, e.g. abdominal pain, nausea and vomiting [12, 23, 24] . Recently we demonstrated PUUV antigen in the appendix of a NE patient with severe AKI, who underwent surgery due to severe abdominal pain. Immunohistochemistry (IHC) of the appendix from this patient showed PUUV antigen in capillary and large vessel endothelium. The capillaries with PUUV-positive, endothelial cells were located mainly in the lamina propria, including the gut associated lymphoid tissue (GALT). PUUV antigen in larger vessels was present mainly in the serosa and mesoappendix [25] . Rarely, viral antigen was found in lymphoreticular cells. In the present study, our aim was to investigate whether GI symptoms in some patients with NE is associated with PUUV infection of intestine. We have performed histopathological, immunohistochemical and molecular analyses of biopsies of the human intestine of 13 patients with NE and severe GI symptoms. The course of the disease and long-term outcome was investigated in these patients.
Materials and Methods

Patients
Since 2001, German laboratories report diagnosed PUUV infections to the local health authorities. All serologically and clinically confirmed NE patients from four selected local health authorities in southern Germany were contacted by mail. We identified 1.570 patients with NE between who became ill between 2001 and 2012. These patients were asked to attend the outpatient clinic between September 2012 and April 2013. Overall 456 NE patients could be followed at the outpatient department at the Robert-Bosch-Hospital Stuttgart, Germany. Three patients were excluded by age ,18 years at the time of NE. All patients gave written informed consent before participating in the study, which was approved by the Ethics Committee of the Ethics Commission of the State Chamber of Medicine in Baden-Wuerttemberg (Stuttgart) (F-2012-046). Studies were conducted in concordance with the Declaration of Helsinki.
Data acquisition
Clinical and laboratory data during the acute phase of NE were obtained from medical reports and files from each patient or reported by the patient at time of follow-up. We identified patients who underwent colonoscopy or gastroscopy including biopsies during acute PUUV-infection. At time of follow-up at the outpatient department at the Robert-Bosch-Hospital Stuttgart, Germany detailed past and current medical histories were obtained, and a careful physical examination was done. AKI was classified on the basis of the RIFLE criteria [26] . Mild/ moderate AKI was defined in patients with no AKI and AKI Risk (R) and severe AKI was classified as RIFLE Injury (I) and RIFLE Failure (F). Information on pre-hospital baseline serum creatinine levels was available for all patients. Blood pressure was measured in all patients twice as recommended by the American Heart Association [27] . Hypertension stage 1 was defined by SBP of 140-159 mm Hg or DBP 90-99 mmHg and hypertension stage 2 by SBP .160 mm Hg or DBP .100 mmHg according to the classification of blood pressure for adults of the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure [28] .
All serum samples at time of follow-up were analyzed for PUUV-specific IgM and IgG in all patients using a stripimmunoblotassay (recomLine Bunyavirus IgG/IgM, Mikrogen, Germany) [29] . Hematuria was defined as a positive dipstick test for erythrocytes and over two erythrocytes per high-power field. Proteinuria was defined by an albumin/creatinine ratio (ACR). 0.25 g/g creatinine in spot urine sample [30] .
Biopsies and IHC
All patients had given their informed consent regarding a scientific work-up of tissues taken during routine procedures and eight different departments of pathology were involved in the routine pathological work-up of the biopsies. Twenty-five intestinal biopsies were fixed in 10% neutral-buffered formalin solution and embedded in paraffin. Five mm-thick sections were prepared and placed on slides coated with 3-amino-propyl-trethosilane. After deparaffinizing through xylene the sections were boiled in a domestic pressure cooker in citrate buffer pH 6 for 3 minutes and chilled down to room temperature. The sections were incubated with a PUUV monoclonal antibody raised against nucleocapsid protein (clone A1C5; dilution: 1:30; Progen Biotechnik, Heidelberg, Germany) for 30 min. Binding of antibody was visualized using the kit DCS Detection Line (DCS Innovative Diagnostik System, Hamburg, Germany) containing a secondary antibody coupled with biotin and a conjugate Streptavidin and horseradish peroxidase. The slides were developed using DAB (3,39diamino-benzidine), counterstained with haematoxylin and mounted. To delineate the cells containing PUUV nucleocapsidantigen, immunohistochemical double labelling was applied. After developing the DAB step, the sections were then heat treated again for 2 min and incubated with the monoclonal antibody CD34 (dilution: 1:100; Dako) for overnight. The second antibody was visualized with alkaline phosphatase (Dako) Fast Blue salt. The sections were examined using an AxioIimager M1 microscope (Carl Zeiss, Jena, Germany). Vero E6 cells infected with PUUV strain Sotkamo served as positive control.
Molecular detection and phylogenetic characterization of PUUV from biopsies
A total of 8 biopsies from different patients (7 gastric and 1 colon), which were detected as positive by IHC, have been subjected to molecular investigation. In parallel, we used formalin fixed and paraffin embedded (FFPE) PUUV uninfected and infected Vero E6 cells as controls. Four 10-micron thickness sections from each FFPE biopsies were used for RNA extraction. Whole viral RNA was extracted from tissues by use of RNeasy FFPE Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. RNA was then subjected to RT-PCR to recover partial S segment (144 bp) using a degenerate forward primer PUMAGJ1-F 59-CAACMCGTGGGAGACARACTGT-39 at position 429 and reverse primer PUMAGJ1-R 59-CYTTCATRGTTGAYTGAGCAGT-39 at position 572 both positions according to the complete nucleocapsid gene protein sequence of the Bavaria CG 33/04 strain (GenBank acc. no. DQ016430) designed based on all available European PUUV strains retrieved from the GenBank. Reverse transcription and PCR amplification (RT-PCR) of the 144 bp segment of the nucleocapsid gene was performed using the SuperScript III One-
Step RT-PCR System with Platinum Taq High Fidelity (Invitrogen). The PCR was performed in a 50-ml volume containing 5 ml of sample RNA, 25 ml of 2x Reaction Mix, 2.5 ml of each primer (PUMAGJ1 and PUMAGJ2), 2 ml High Fidelity Enzym-Mix and ddH2O up to 50 ml. The reaction was then incubated in a thermocycler under the following conditions: 50uC for 50 minutes and 94uC as cDNA synthesis and pre-denaturation step; 45 cycles of 94uC for 20 seconds (denaturation), 55uC for 45 seconds (annealing), 72uC for 1 minute (extension) with a final elongation step at 72 uC for 10 min. The PCR product was visualized on a UV transilluminator following separation on 2.5% agarose gels containing ethidium bromide. Amplicons were sent to the company LGC Genomics for Sanger sequencing. Sequence data were analyzed using Geneious 7.4.1 program for multiple alignments. Phylogenetic analyses of the obtained sequences were performed in comparison to the strains belonging to different geographical regions as retrieved from GenBank. Evolutionary tree and distances (number of base substitutions per site) were generated by PhyML v3.1 [31] with the General-Time-Reversible model of sequence evolution with gamma-distributed rate variation among sites and proportion of invariable sites (GTR + C+I) found to be most appropriate model according to Akaike information criteria included in the jModelTest [32] . The PUUV sequences were shown in File S1.
Statistical analysis
Data are reported as median and range unless otherwise specified. All continuous variables were tested for normality using the Kolmogorov-Smirnov test. Comparisons between different groups were performed with the Mann-Whitney test or the Fisher's exact test, as appropriate. Analysis was performed using GraphPad statistical software package (San Diego, California, USA). A p value ,0.05 was considered statistically significant.
Results
Overall, 456 patients were followed-up at our outpatient clinic with a median follow up time of 10 (7-29) months after acute NE. All patients lived in southern Germany and had laboratory and clinically confirmed NE between 2001 and 2012.Thirteen patients had colonoscopy or gastroscopy with biopsies during their acute PUUV-infection. Endoscopy was done 12 (9-15) days in the PUUV-positive group and 7 (4-9) days in the PUUV-negative group after beginning of symptoms associated with NE. The indications for endoscopy were severe abdominal pain, diarrhea, nausea and vomiting. Gastroscopy revealed gastritis with subepithelial hemorrhages and telangiectasia in all patients. The most prominent hemorrhagic findings were found in the antrum. In the PUUV-positive group, in two patients gastritis was associated with Helicobater pylori infection, whereas in the PUUV-negative group no Helicobater pylori infection could be found. In the PUUV-negative group, two patients had mild gastro-esophageal reflux disease and in one patient thrush esophagitis was present. Colonoscopy was done in 3 patients revealing spotty hemorrhage in all biopsies without any signs of inflammation.
IHC was done on 25 intestinal biopsies. Twenty-one of these were gastric; 1 was esophageal; and 3 were from colon. PUUV nucleocapsid antigen was detected in eleven biopsies from eight patients (9 gastric and 2 colon). Fourteen biopsies (12 gastric, 1 esophageal and 1 colon) from 5 patients were negative for PUUV nucleocapsid antigen. PUUV nucleocapsid antigen was mainly found in endothelial cell of capillaries or larger vessels in the lamina propria of biopsies from stomach or colon (see Figure 1 and 2). The intense immunohistochemical staining of cells expressing PUUV nucleocapsid antigen deposited in a granular pattern documents the involvement of the human intestine in PUUV infection. Biopsies from all patients, which were detected as positive by IHC, have been subjected to molecular investigation. All IHC positive biopsies were positive for PUUV RNA using RT-PCR.
Four out of eight patients in the PUUV-positive and three out of five patients in the PUUV-negative group presented with abdominal pain at time of diagnosis. Nausea and vomiting were present in five out of eight patients in the PUUV-positive and in three out of five patients in the PUUV negative group. In total, ten out of thirteen patients had AKI during PUUV infection. Neither higher rates of AKI, nor differences regarding severity of AKI could be detected in the PUUV-positive compared to the PUUVnegative group. At time of follow-up, kidney function was within the normal range in all patients. The prevalence of hypertension, proteinuria, hematuria and co-morbidities as long-term consequences after PUUV infection was not different between both groups. A detailed summary of study population including laboratory values during acute course of the disease and at time of follow-up is given in table 1 and table 2 . Due to a possible selection bias, we compared baseline characteristics during acute course of the disease (e.g. laboratory values, severity of AKI, symptoms during acute course of the disease) and outcome data between the patients who underwent endoscopy with biopsies (n = 13) and the study population without endoscopy (n = 443 patients). No statistical significant differences could be observed between the groups (data not shown).
Phylogenetic reconstruction revealed clustering of all PUUV strains from this study with viruses previously detected from the South-West of Germany (Figure 3 ) [33] .
Discussion
We investigated biopsies of the human intestine in patients with acute PUUV infection in order to understand why a majority of patients with NE have severe abdominal pain [23] , for which there is no pathophysiologic explanation. We found 13 patients who had an endoscopy at time of acute Hantavirus infection due to severe gastrointestinal symptoms. Endoscopy was carried out during acute phase of NE and gastritis with hemorrhage could be observed in all patients. In line with the results from to the study of Nuutinen et al. [22] , the hemorrhagic changes were more prominent in the proximal compared to the distal part of the stomach. In contrast, signs of inflammation could be detected in all intestinal biopsies in our study.
IHC demonstrated PUUV nucleocapsid antigen in 62% of the analyzed biopsies. PUUV nucleocapsid antigen was located mainly in endothelial cells of capillaries or larger vessels in the lamina propria. This finding accords with previous reports from patients with HCPS, with experimental PUUV infection in cynomolgus macaques and from our recent report [25, 34, 35] . Almost all hantavirus infections (especially southern Germany) are caused by PUUV [7, 33] , although Tula virus and DobravaBelgrade virus circulates in Germany and might cause symptomatic infections in humans [36] [37] [38] [39] .
Regarding clinical course of the disease, twelve out of thirteen patients had to be admitted to hospital. Duration of hospital stay was more than one week and ten out of thirteen patients had AKI, indicating that PUUV causes severe disease in most patients with NE. Although the number of patients is relatively small, a possible explanation could be an enhanced inflammatory response caused by a generalized PUUV infection. This systemic infection could be reflected by the presence of PUUV nucleocapsid antigen in human intestine and might explain the clinical phenotype of severe GIsymptoms. Further studies in larger numbers of NE patients are needed to investigate whether detection of PUUV nucleocapsid antigen in the human intestine might be a risk factor for severe course of the disease.
Remarkably, all IHC positive biopsies were positive for PUUV RNA using RT-PCR. Thus, the RT-PCR technique could be used to detect infection from archival or fixed materials. As an auxiliary advantage of RT-PCR, it is possible to sequence the amplicon, enabling more extensive molecular analyses. In this study, the nucleocapsid gene was chosen for amplification because it provides valuable information regarding the possible origin of the PUUV. The success of the development of this RT-PCR from FFPE biopsies enables work on PUUV in more flexible conditions because FFPE could be handled without biosecurity concerns. In this study, phylogenetic reconstruction revealed clustering of all PUUV strains with viruses previously detected from South-West of Germany [33] . Based on Ettinger et al. [33] the German PUUV strains formed 6 distinct clades comprising strains of human and vole origin corresponding to a different outbreak region. High similarities between human and rodent-derived PUUV strains from the same region and distinct from the others highlight the Table 2 . Baseline characteristics of study population at follow-up. fact that the 2010 epidemic was associated with increased densities and infection rates of the bank voles in several regions of Germany and not determined by countrywide spread of the same PUUV strain [33] . In conclusion, we successfully developed a method to detect PUUV in FFPE tissues by RT-PCR and demonstrated its use as potential diagnostic tool as well as for PUUV molecular epidemiology investigations. Furthermore, it is possible to perform retrospective studies of archived materials from patients where PUUV was not the initial diagnosis. This is the first study, which investigated biopsies of the human intestine in patients with NE using IHC and molecular approaches. PUUV nucleocapsid antigen and PUUV RNA were frequently detected. This finding might be an expression of a more generalized infection, which is emphasized by high rates of AKI in this study population. The presence of PUUV antigen was not correlated with the extension of abdominal complains. We suggest that a larger patient cohort should be analyzed in future studies to demonstrate possible significant differences and correlations.
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